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We have developed an algorithm to measure the duration of high-frequency energy radiation by processing
the ﬁrst arriving P-waves and then applied it to analyses of 69 large shallow earthquakes that occurred between
1995 and 2006. We compared our estimates to time differences between centroid and origin times in the Harvard
CMT catalog and found that there was a good correlation between them, thereby suggesting that the measured
durations are good estimates of source durations. We show that it is possible to determine magnitudes consistent
with moment magnitudes in the Harvard CMT catalog using the durations of high-frequency energy radiation and
maximum displacement amplitudes of the ﬁrst arriving P-waves.
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1. Introduction
It is important to rapidly determine the locations and
sizes of earthquakes in order to estimate possible damage,
issue tsunami early warnings, and deploy countermeasures
to mitigate earthquake disasters. Although the determina-
tion of the magnitude of an earthquake is one of routine
seismological data analyses, for the case of the 26 Decem-
ber 2004 Sumatra earthquake, it took more than 4 h for
an estimate of Mw=8.9 to be issued by the Harvard Uni-
versity (Park et al., 2005a). This difﬁculty in being able
to rapidly determine the magnitudes of large earthquakes
has led some seismologists to propose new techniques to
the rapid quantiﬁcation of large earthquakes. Menke and
Levin (2005) proposed determining magnitudes using rela-
tive displacements with respect to reference events. Lomax
(2005) showed that it was possible to rapidly estimate rup-
ture extent by analyzing short period P-wave recordings.
Lomax and Michelini (2005) proposed a way to determine
seismic moment using the relative rupture duration (inferred
from short-period P-wave recordings) with respect to refer-
ence events. Park et al. (2005b) and Ni et al. (2005) both
pointed out that it was possible to quantify the size of the
2004 Sumatra earthquake based on the duration of high-
frequency energy radiation. Bormann and Wylegalla (2005)
proposed another approach in which body wave magnitudes
of subevents were summed up to calculate cumulative body-
wave magnitude. Although the above-mentioned studies all
showed that their techniques worked well for a number of
large earthquakes including the 2004 Sumatra earthquake,
the application of any one of these techniques to a data set
consisting of many large earthquakes has not yet been car-
ried out.
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In the present study, we have developed a technique to de-
termine the magnitudes of large earthquakes rapidly. First,
we measure the duration of high-frequency energy radiation
by processing of the ﬁrst arriving P-waves; then we deter-
mine the magnitudes using measured durations and maxi-
mum displacement amplitudes.
2. Measurement of the Duration of High-
Frequency Energy Radiation
We chose shallow (50 km) earthquakes whose
moment magnitudes in the Harvard CMT catalog
(http://www.seismology.harvard.edu/CMTsearch.html)
were equal to or greater than 7.2 and which occurred
between 1995 and 2006. The total number of earthquakes
was 69. We retrieved BHZ channel waveform data of the
Global Seismograph Network (GSN) stations for these
earthquakes from IRIS DMC. Following Ni et al. (2005),
we use data from stations in the epicentral distance range
of 30–85◦ to avoid scattering due to the upper mantle or D′′
structures (Shearer and Earle, 2004).
Following the proposal of Park et al. (2005b), Ni et al.
(2005), and Lomax (2005), we measured the duration of
high-frequency energy radiation through band-pass ﬁltering
of vertical component broadband seismograms. The mea-
surement procedure consisted of the following steps:
1. Baseline correction;
2. Application of band-pass ﬁlter;
3. Square each data point;
4. Detect P-wave arrival;
5. Find the peak of the time series from the arrival of P-
wave within a given time window;
6. Smooth the time series by calculating moving window
average;
7. Measure the duration of high-frequency energy radia-
tion;
8. Estimate duration of high-frequency energy radiation.
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Fig. 1. Examples of measurements of high frequency energy radiation
for the 26 December, 2004 Sumatra (a), the 28 March, 2005 Northern
Sumatra (b), and the 8 October, 2005 Muzafarabad (c) earthquakes. The
epicentral distances are 52.7, 59.9, and 80.2 degrees, respectively. The
top, middle and bottom traces in (a)–(c) are an observed seismogram, a
time series of squares of band-pass (2–4 Hz) ﬁltered seismogram, and
its smoothed time series (normalized by the maximum value), respec-
tively. “A” and “F” in the bottom traces denote arrivals of P-waves and
estimated ends of high frequency energy radiation, respectively.
In the second step, we adopted the band-pass ﬁlter with cor-
ner frequencies of 2 and 4 Hz. In the fourth step, we adopted
a simple STA/LTA approach. The duration for STA was
0.2 s, that for LTA was 10 s, and the threshold value of the
ratio STA/LTA for P-wave detection was 25, respectively.
After automatic pickings were carried out, we checked ob-
(a)
(b)
Fig. 2. Comparison of measured durations of high frequency energy radi-
ation and differences between centroid and origin times in the Harvard
CMT catalog (values of the latter are multiplied by 2): (a) all of the mea-
surements; (b) the estimates (medians). We show dates and magnitudes
for some earthquakes in (b).
served seismograms and processed time series and then cor-
rected P-wave arrivals if necessary. We discarded noisy
data in this step. In the ﬁfth step, we set a time window to
400 s.
In the sixth step, we smoothed the time series by calculat-
ing the moving window average to avoid small troughs and
peaks in the measurement of the duration of high-frequency
energy radiation. The time window for which the average
is calculated should be varied to correspond to the source
duration (i.e., a wider window is appropriate for a longer
source duration, and vice versa), which is not known in this
step. To obtain the order of the source duration, we used
the time difference between the P-wave arrival time and
the time when the peak is obtained in the ﬁfth step. We set
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Fig. 3. The top trace is an observed seismogram (BHZ channel) recorded
at the station RSSD (Black Hills, South Dakota, United States) for the
November 3, 2002 Denali earthquake. The middle and bottom traces
are time series of squares of the band-pass (2-4 Hz) and low-pass (0.05
Hz) ﬁltered seismograms, respectively.
the time window to one-sixth of this time difference.
In the seventh step, as the end time of high-frequency
energy radiation, we chose the time when the amplitude of
the time series calculated in the sixth step became smaller
than 25% of its maximum value after the time of the peak
found in the ﬁfth step. Although the threshold value in this
step is arbitrary, we show (below) that this worked well. In
the eighth step, we chose the median of estimates obtained
for all of the stations as an estimate for each earthquake.
Figure 1 shows examples of the data processing
described above for the 26 December 2004 Suma-
tra (Mw=9.0), the 28 March 2005 Northern Suma-
tra (Mw=8.6), and the 8 October 2005 Muzaffarabad
(Mw=7.6) earthquakes. We obtained the estimates (medi-
ans) for these earthquakes from the data shown in this ﬁg-
ure. We did not ﬁnd that the measured durations showed
any signiﬁcant dependence on epicentral distance. The es-
timates for the above three events were 396.2, 100.5 and
34.6 s, respectively. Our estimate for the 2004 Sumatra
earthquake agrees with results from previous studies (Am-
mon et al., 2005; Ishii et al., 2005; Kru¨ger and Ohrnberger,
2005; Lay et al., 2005; Lomax, 2005; Ni et al., 2005; Park
et al., 2005b, c), although our estimate is about 70–80%
of the values reported in most of these studies. Walker et
al. (2005) suggested that the source duration of the 2005
Northern Sumatra earthquake was about 120 s, which is
consistent with out estimate. Valle´e (2005) suggested that
the source duration of the 2005 Muzaffarabad earthquake
was about 30 s, which is also consistent with our estimate.
The difference between centroid and origin times is ex-
pected to correlate with source duration, and twice this dif-
ference is likely to be a good measure of source duration.
In order to investigate whether our measurement procedure
worked or not, we compared our measurements to these
time differences. Although there is signiﬁcant scatter in our
measurement (Fig. 2(a)), the estimates (medians) correlate
well with the differences between centroid and origin times
(Fig. 2(b)). For the 3 November 2002 Denali earthquake,
(a)
(b)
Fig. 4. (a) The measured durations of high frequency energy radiation
(solid triangle) and doubled differences between centroid and origin
times in the Harvard CMT catalog (open inverted triangle) are plotted
as a function of moment magnitudes in the Harvard CMT catalog, re-
spectively. (b) The magnitudes calculated using the formula by Ekstro¨m
et al. (1992) for the measured durations of high frequency energy radia-
tion (solid triangle) and doubled differences between centroid and origin
times in the Harvard CMT catalog (open inverted triangle).
there is a large difference between our estimate (16.7 s)
and the difference between the centroid and origin times
(47.0 s; twice this value, 94.0 s, is plotted in Fig. 2). This
event consisted of the initial thrust subevent and subsequent
strike slip subevents, and the moment release of the former
was smaller than that of the latter (Eberhart-Phillips et al.,
2003). Ozacar et al. (2003) showed that the source dura-
tion of the initial subevent was about 15 s, that of the strike
slip subevents was about 100 s, and that the large moment
release from the strike slip subevents was found at around
60 s after the rupture initiation. Figure 3 shows that the
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Fig. 5. Comparison of magnitudes determined in this study and moment
magnitudes in the Harvard CMT catalog. We show dates and moment
magnitudes for some earthquakes.
higher frequency (2–4 Hz) energy from the initial subevent,
which appears at around 280 s in the middle panel, is larger
than that from the strike slip subevents, which appears at
around 330 s, while the lower frequency (<0.05 Hz) en-
ergy from the former is smaller than that from the latter (the
lower panel). This cannot be explained by the difference in
the focal mechanisms and suggests that the high-frequency
energy radiation from the initial subevent was more promi-
nent than that from the strike slip subevents. Although it is
possible to obtain a longer duration estimate from some sta-
tions for which the energies from the initial subevent were
smaller due to the radiation pattern, such stations were few.
We obtained short durations from most of the stations. This
is the reason why our duration estimate is much shorter than
the difference between the centroid and origin times. Our
estimate is likely to correspond to the source duration of the
initial thrust subevent.
3. Determination of Magnitude
As shown above, it is possible to obtain estimates of
source durations by processing the ﬁrst arriving P-waves.
The source duration is expected to correlate with the sizes
of the earthquakes. Figure 4(a) shows our estimates and
the differences between the centroid and origin times in
the Harvard CMT catalog as a function of Mw. Although
a correlation is observed, the data points scatter consider-
ably, suggesting that it will be difﬁcult to accurately esti-
mate the sizes of earthquakes only by the durations of high-
frequency energy radiation. To obtain a better idea of this
difﬁculty, we calculated magnitudes using our estimates and
the differences between the centroid and origin times in the
Harvard CMT catalog, respectively, as follows. First, in or-
der to estimate seismic moments, we used the formula of
Ekstro¨m et al. (1992):
τ = 2 × 10−8 × M1/3o ,
where τ and Mo are the duration (in seconds) over which
95% of the seismic moment is released and seismic mo-
ment (in dyne centimeters), respectively. We assigned our
duration estimates or the doubled differences between the
centroid and origin times in the Harvard CMT catalog to τ
in this calculation. We then calculated moment magnitudes
for this estimated seismic moments. Figure 4(b) shows that
there is signiﬁcant scatter in this magnitude estimation and
that it is difﬁcult to accurately estimate the sizes of earth-
quakes only by durations of high-frequency energy radia-
tion.
We attempted to estimate the magnitudes of earthquakes
using both durations of high-frequency energy radiation and
maximum displacements by the following formula:
M = α log A + β log + γ log t + δ (1)
where M is an earthquake magnitude, A is the maxi-
mum displacement during the estimated duration of high-
frequency energy radiation from the arrival time of a P-
wave,  is the epicentral distance, t is the estimated dura-
tion of high-frequency energy radiation. In the case where
a direct S-wave was expected to arrive within the estimated
duration, we used a time series from the arrival time of a P-
wave to the theoretical arrival time of an S-wave computed
for iasp91 (Kennett and Engdahl, 1991). We performed the
least square analysis to determine the coefﬁcients α, β, γ ,
and δ in the above formula. We adopted Mw in the Har-
vard CMT catalog as values of M so that magnitudes were
consistent with Mw in this catalog. With respect to the 26
December 2004 Sumatra earthquake (Mw=9.0 in the Har-
vard CMT catalog), we set Mw to 9.15 following Park et
al. (2005c). We integrated the observed broadband seis-
mograms and measured the maximum displacements (cor-
rected by sensitivities of seismographs). We included data
from stations in the epicentral distance range of less than
30◦ to increase the number of data points. We obtained
0.79 ± 0.03, 0.83 ± 0.05, 0.69 ± 0.03, and 6.47 ± 0.17
for α, β, γ , and δ, respectively (the units of A, , and t
were meters, kilometers and seconds, respectively).
We calculated magnitudes using Eq. (1) with these pa-
rameters for all of stations and chose a median value as an
estimate for each earthquake. We then compared our esti-
mates to Mw in the Harvard CMT catalog to ﬁnd a good
correlation between them (Fig. 5). The RMS of the differ-
ences between them is 0.18. All of the estimates are within
a range of ±0.5, except for the 3 November 2002 Denali
earthquake. Our estimate for this event is M 7.1, while
the Mw in the Harvard CMT catalog is 7.8. As mentioned
above, this event consisted of an initial thrust subevent and
subsequent large strike slip subevents. Since our duration
estimate, 16.7 s, corresponds to that for the initial subevent,
our magnitude estimate is likely to represent the magni-
tude of this subevent. The magnitude estimates of the ini-
tial thrust subevent are in the range of 7.0–7.3 (Eberhart-
Phillips et al., 2003; Ozacar et al., 2003; Dreger et al.,
2004), which is consistent with our estimate.
4. Discussion
We have shown that it is possible to determine magni-
tudes consistent with Mw in the Harvard CMT catalog using
the durations of high-frequency energy radiation and max-
imum displacements with the exception of the 3 Novem-
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ber 2002 Denali earthquake. The reason for the incon-
sistency with this latter earthquake is that it consisted of
multiple subevents and the high-frequency energy radiation
from the smaller (in the sense of seismic moment release)
initial thrust subevent was larger than that from the larger
following subevents. This case illustrates the weakness of
the procedure proposed in this study. However, it does not
mean that our procedure will not work for earthquakes con-
sisting of multiple subevents; this was the only exception
among the 69 that we analyzed, and because we analyzed
only large earthquakes, some or most of which are likely to
consist of multiple subevents.
In the duration measurement of high-frequency energy
radiation, we did not consider the effects of scattering of
seismic waves. Ritter et al. (1997) studied high-frequency
P-coda signals from teleseismic events recorded in the
Massif Central, France and showed that P-coda signals on
the vertical component records continued for around 5 s af-
ter the arrival of P-waves in the frequency band between 2–
4 Hz, while it continued for a longer time in the period band
below 2 Hz. This suggests that frequency bands higher than
2 Hz are relatively transparent and that effects of scatter-
ing in duration measurements are not strong. This may be
one of the reasons why our estimates correlate well with the
differences between centroid and origin times, although it is
not sure whether this observation holds generally or only is
certain cases. In order to improve the accuracy of duration
measurements, it would be effective to take into account the
effects of scattering using theories and techniques such as
those of Korn (1997), Hock et al. (2004), Shearer and Earle
(2004), and Sato (2006a, b).
In the magnitude determinations using Eq. (1), it is neces-
sary to use maximum displacements of the ﬁrst arriving P-
waves, the duration of high-frequency energy radiation, and
the epicentral distances. Since these quantities can be de-
termined by analyzing only the ﬁrst arriving P-waves, it is
possible to quickly determine magnitudes of larger shallow
earthquakes using the procedure described in the present pa-
per.
There are some aspects to be studied in future research,
such as the application of this approach to intermediate-
depth and deep earthquakes as well as to tsunami earth-
quakes like the 1992 Nicaragua earthquake.
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